Instrumentation 1 H and 13 C NMR spectra were obtained using a 600 MHz Bruker Avance NMR spectrometer with residual solvent peaks as a reference for all NMR spectra. Thiophenol (10-20 eq) were added to samples containing aminoxyl radicals to reduce them to hydroxylamines so that the compound could be observed via NMR. ESI-MS were acquired using an Agilent 1100 HPLC with a PLRP-S column for separation and an ABSciex 4000 QTRAP system for detection. Size exclusion chromatography (SEC) was conducted using an Agilent 1100 HPLC with a Phenomenex PolySep-GFC-P Linear 300 × 7.8 mm column. Isothermal titration calorimetry (ITC) was conducted using a Malvern Microcal iTC200. Transmission electron microscopy (TEM) was conducted using a JEOL JEM-1400Plus transmission electron microscope. Fluorescence data were obtained using a BioTek Synergy H4 Hybrid microplate reader. EPR spectroscopy was performed using a Bruker EMX ER041XG X-band spectrometer with a Bruker ER 4119HS resonator. NMR relaxometry experiments were performed with a 43 MHz Magritek Spinsolve NMR spectrometer operating with a magnetic field strength of 1 T.
Synthesis
Scheme S1. Synthesis of 6.
Synthesis of Imidazole-1-sulfonyl azide hydrogen sulfate
NaN 3 (10 g, 154 mmol) was stirred in dry EtOAc (150 mL) at 0 °C, 0.5 h. Sulfuryl chloride (20.7 g, 12.4 mL, 153 mmol) was added dropwise while stirring was maintained. The resulting mixture was stirred at RT, 24 h. The reaction mixture was cooled to 0 °C in an ice bath. Imidazole (20 g, 294 mmol) was slowly added over 5 min. The resulting mixture was stirred at 0 °C, 5 h. A saturated NaHCO 3 solution (aq.) (300 mL) was added to the reaction mixture. The organic fraction was isolated, washed with H 2 O (3×100 mL) and dried with MgSO 4 . The organic fraction was filtered and the filtrate was collected. The resulting solution was cooled to 0 °C in an ice bath while stirring was maintained. H 2 SO 4 (18 M, 8.4 mL, 151 mmol) was added dropwise over 5 min while vigorous stirring was maintained. The resulting solution was stirred vigorously at RT until colorless or white precipitate was formed. The reaction mixture was filtered and the feed was washed with EtOAc (0 °C). The feed was collected and solvent was removed under reduced pressure to yield the product as a white solid. Yield 
Synthesis of 6-Azidohexanoic acid (2)
Compound 1 (5.0 g, 25.6 mmol), and NaN 3 (4.998 g, 76.9 mmol) were stirred in DMF (20 mL) at 85 °C overnight. Upon cooling the reaction to RT, DCM (40 mL) was added to the reaction mixture and stirred. The reaction mixture was then washed with aqueous HCl (0.1 M, 3×20 mL) and dried with MgSO 4 . The organic fraction was isolated and the solvent was removed under reduced pressure to yield the product as a clear pale yellow oil. Yield: 3.85 g, 96 %. 1 Synthesis of 6-Azido-N-(1-oxyl-2,2,6,6-tetramethylpiperidin-4-yl)hexanamide (4) 4-Amino-2,2,6,6-tetramethylpiperidine-1-oxyl (2.0 g, 11.7 mmol), 3 (5.94 g, 23.3 mmol), and TEA (1.18 g, 11.7 mmol) were dissolved in dry (need not be anhydrous) DMF (25 mL). Potassium carbonate (1.61 g, 11.7 mmol) was added and the mixture was stirred at RT, OVN. DCM (50 mL) and H 2 O (20 mL) were added and the reaction mixture was washed with H 2 O (3×50 mL). The aqueous fraction was extracted with DCM (2×25 mL) and the organic fractions were combined. The organic fraction was washed with H 2 O (3×50 mL) and dried with MgSO 4 . The solvent was removed under reduced pressure. The crude product was further purified via column chromatography (silica) with DCM:MeOH (100:0 -90:10). The solvent was removed under reduced pressure to yield the product as a red liquid. Yield: 6.52 g, 90 %. 1 H NMR (600 MHz, CDCl 3 ) δ ppm 0.90-2.30 (m, 26 H), 3.28 (t, 1 H). 13 S8 Figure S6 . 13 C NMR spectrum of 4.
Synthesis of 4-((6-Aminohexyl)amino)-2,2,6,6-tetramethylpiperidin-1-oxyl (5)
Compound 4 (2.0 g, 6.4 mmol) was dissolved in Et 2 O (100 mL) in ice bath, then LiAlH 4 (2.45 g, 64 mmol) was slowly added portionwise to the reaction solution. The reaction mixture was stirred at RT, OVN. The reaction mixture was cooled to 4 °C in an ice bath. 
Synthesis of 4-((6-Azidohexyl)amino)-2,2,6,6-tetramethylpiperidin-1-oxyl (6)
Compound 5 (2.0 g, 7.4 mmol) was dissolved in MeOH (50 mL) and the reaction solution was cooled to 4 °C in an ice bath. 1H-Imidazole-1-sulfonyl azide hydrogen sulfate (2.21 g, 8.1 mmol), CuSO 4 · 5H 2 O (0.02 g, 0.074 mmol), and K 2 CO 3 (2.04 g, 14.8 mmol) were added and the reaction mixture was stirred at RT, OVN. The solvent was removed under reduced pressure. H 2 O (25 mL) was added to the remaining residue and the resulting mixture was filtered. The feed was washed with H 2 O (25 mL) and EtOAc (25 mL). The filtrate was collected and H 2 O (25 mL) was added. The organic fraction was collected. The aqueous fraction was extracted w/ EtOAc (2×25 mL) and the organic fractions were combined. The combined organic fraction was washed with NaHCO 3 (aq.) (4% w/v, 2×30 mL), and saturated brine (2×30 mL). The organic fraction was collected and dried with MgSO 4 . The solvent was removed under reduced pressure to yield the crude product. The crude product was purified via column chromatography (alumina) with DCM:MeOH (100:0 -90:10). The solvent was removed under reduced pressure to yield the product as a red liquid. Yield: 1.84 g, 84 %. In order to achieve high purity product, further purification was performed by preparative high performance C18 chromatography. 200 mg of product was purified by using a linear gradient elution of ACN:H 2 O (40:60) with flow rate of 30 ml/min during total run time of 60 min. Peak fractions were collected according to chromatogram at the maximum detection wavelength of 210 nm. Solvent was removed under reduced pressure to yield product as a green liquid. 1 S10 Figure S8 . 13 C NMR spectrum of 6. 
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Isothermal Titration Calorimetry
Protocol for Expression of TMV
TMV particles were isolated from Nicotiana benthamiana plants. Tobacco plants were grown, infected with a solution of TMV from a stock source, collected (~10 d after infection), and stored at −80 °C until needed. The leaves (~100 g) were blended with cold (4 °C) extraction buffer (KP buffer (0.1 M, 1000 mL, pH 7.4) with 2-mercaptoethanol (0.2% (v/v)), followed by thorough grinding with a mortar and pestle. The mixture was filtered through cheesecloth to remove the plant solids, and the filtrate centrifuged at 11,000 ×g (4 °C, 20 min). The supernatant was filtered through cheesecloth again, and an equal volume of 1:1 chloroform/1-butanol mixture was added and stirred (4 °C, 30 min). The mixture was centrifuged at 4500 ×g for 10 min. The aqueous phase was collected, followed by the addition of NaCl (final concentration of 0.2 M), PEG 8000 (8% (w/w)), and Triton X-100 surfactant (1% (w/w)). The mixture was stirred on ice for 30 min and stored (4 °C, 1 h). The solution was centrifuged at 22,000 ×g (4 °C, 15 min). The supernatant was discarded, and the pellet resuspended in KP buffer (0.1 M, pH 7.4) (4 °C, OVN). The supernatant was carefully layered on a 40% (w/v) sucrose gradient (that had undergone at least one freeze-thaw cycle to create a moderate sucrose gradient) in KP buffer (0.01 M, pH 7.4) in ultracentrifuge tubes and centrifuged in a swing bucket rotor for 2 h at 96,000 ×g. An LED light positioned under the transparent centrifuge tube was used to illuminate the colloidal suspension, which appears blue from Mie scattering. The light-scattering region was collected and centrifuged at 360,562 ×g for 1.5 h. The supernatant was discarded, and the pellet resuspended in KP buffer (0.01 M, pH 7.4) (4 °C, OVN). The solution was portioned equally into microcentrifuge tubes and centrifuged at 15,513 ×g for 15 min. The supernatant was collected as the final TMV solution. UV-Vis measurements were taken at 260 nm (RNA) and 280 nm (protein). A ratio of A260/A280 around 1.23 indicates intact TMV. Using the Beer-Lambert Law with ε = 3.0 cm −1 mg −1 ml the concentration of the solution was determined.
Bioconjugation of TMV
Synthesis of TMV-Aky
Solutions of 3-ethynylaniline in acetonitrile (0.68 M, 75 μL) and NaNO 2 (aq.) (3.0 M, 25 μL) were added to a cold (4 °C) solution of p-toluenesulfonic acid (aq.) (0.3 M, 400 μL) and mixed well. The resulting solution was mixed in light-free conditions (4 °C, 1 h) to form the diazonium salt. A solution of TMV (20 mg/mL, 100 μL, 0.1 μmol) was diluted in borate buffer (0.1 M, pH 8.8, 862 μL) and the resulting solution was chilled to 4 °C. The diazonium salt solution (70 eq per coat protein of TMV, 76 μL) was added to the solution of TMV and the resulting solution was mixed in light-free conditions (4 °C, 45 min). The resulting product was purified via either size exclusion chromatography using a GE Healthcare PD-10 Desalting Column or centrifuge filtration using an EMD Millipore Amicon Ultra Centrifugal Filter Unit (10,000 MW Cutoff) (4,303 ×g).
Synthesis of TMV-6
Compound 6 (1.7 mg, 5.7 μmol) was dissolved in DMSO (1 mL). Cold (4 °C) KP buffer (0.1 M, 3 mL, pH 7.4) was added to the resulting solution and mixed well. A cold (4 °C) solution of TMV-Aky (20 mg/mL, 100 μL, 0.1 μmol) in KP buffer (0.1 M, pH 7.4) was added to the resulting solution and mixed well. An aqueous solution of copper sulfate pentahydrate (0.1 M, 10 μL) was added to the resulting solution and mixed well. An aqueous solution of sodium ascorbate (0.2 M, 10 μL) was added to the resulting solution and mixed well. The reaction was left to proceed at RT for 24 h. The resulting product was purified via either size exclusion chromatography using a GE Healthcare PD-10 Desalting Column or centrifuge filtration using an EMD Millipore Amicon Ultra Centrifugal Filter Unit (10,000 MW Cutoff) (4,303 ×g). Since no other significant interactions between TMV, 6, CB [8] , and PF were observed (Figure S10, S11) and assuming the conservation of mass, the relationship and equilibria of the titration components can be described by the following equation: 
Fluorescence and EPR Kinetics Experimental Details
and [PF] 0 , [6] 0 , and [CB [8] ] 0 denote the total concentration of each respective compound. The change in the observed fluorescence intensity can be directly linked to the binding constants K a and K b by solving Equation 4 for the real root. The relationship between the observed fluorescence intensities and the binding constants are described by the equation: 
EPR Spectroscopy
A solution of TMV-6 (2.6 mg/mL which corresponds to ~1 mM concentration of TEMPO) and sodium ascorbate (10 mM) in KP buffer (0.1 M, pH 7.4) was freshly prepared with sodium ascorbate being added last. The resulting solution was drawn into a glass capillary tube (1 mm diameter). The capillary tube was then placed inside a quartz EPR tube (4 mm diameter). An EPR spectrum for this sample was collected over 2 h at 10 min intervals. An EPR spectrum was obtained in an identical method with a solution of TMV-6 (2.6 mg/mL which corresponds to ~1 mM in term of TEMPO moieties), CB [8] (10 eq per TEMPO moieties), and sodium ascorbate (10 mM) in KP buffer (0.1 M, pH 7.4). This solution was also freshly prepared with sodium ascorbate being added last.
All EPR measurements were obtained using the following instrumental conditions: 
Relaxometry
Both longitudinal and transversal relaxation times were determined using 43 MHz Magritek Spinsolve NMR spectrometer operating with a magnetic field strength of 1 T. Relaxivity was obtained using linear regression analysis of the relaxation rates of four solutions (0 -0.14 mM). The NMR measured all samples at 310 K. 
MRI In Vivo Studies
All animal procedures were reviewed by the UT Southwestern IACUC committee and accepted under protocol # 2016-101780. Mice were placed under anesthesia and a heater was used to keep the temperature around the mice at 30 °C for the duration of the study. Each mouse was injected intramuscularly with 50 µL of TMV-6 without CB [8] and TMV-6 with CB [8] . The mice were placed in a 9.4 T Varian MRI scanner and the bladder was positioned to be in the center. 3D T1-weighted gradient echo multi slice scans were taken before injection (TE = 4.00 ms and TR = 256.92 ms, Matrix = 128 × 138 × 128) and at 1 min, 30 min, and 2 h after injection.
Modeling
The molecular dynamics (MD) simulations included one TEMPO molecule, one CB [8] molecule, 1877 water molecules, and one chloride anion in the unit cell under periodic boundary conditions. The force field parameters for CB [8] were obtained from CGenFF 10, 11 using the online server at https://cgenff.paramchem.org. The force field parameters for TEMPO were obtained from the SLH moiety in work by Sezer et al. 12 The TIP3P water S19 model was used. Note that the TIP3P water model was found to yield better agreement with experimental cucurbituril-guest binding enthalpies than competing water models such as TIP4P-Ew. 13 Figure S13 . The free energy profile as a function of the insertion depth of the TEMPO ring in the CB [8] cavity.
All simulations were run using the NAMD software package 14 with the following parameter choices: temperature 300 K enforced with a Langevin thermostat with damping parameter 1.0 ps -1 ; pressure 1 atm enforced with a Langevin barostat with a period of 100 fs and a decay time of 50 fs; cutoff distance 12 Å for the van der Waals interactions and the changeover from real space to reciprocal space for the electrostatic interactions; time step 1.0 fs; particle mesh Ewald grid spacing of 1 Å. Figure S14 . Radial distribution functions and their integrals for the distance between the TEMPO oxygen radical and water hydrogen and oxygen atoms.
Three simulations were run, namely an equilibrium simulation of 100 ns, an adaptive biasing force simulation of 100 ns, and an umbrella sampling simulation of 100 ns. The equilibrium simulation quantifies, among other things, the accessibility of the TEMPO oxygen radical to solvent water molecules. This data is shown in Figure S14 . We see that
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water hydrogen atoms (black line) are found preferentially about 2 Angstroms from the TEMPO oxygen radical, and water oxygen atoms (red line) are found preferentially about 3 Angstroms from the TEMPO oxygen radical. In terms of numbers, the green and blue curves in Figure S14 show that, on average, one water hydrogen and one water oxygen are found within 2.6 and 3.2 Angstroms, respectively, of the TEMPO oxygen radical. A water molecule including this hydrogen and oxygen atom is shown in Figure S15 . This water molecule is surrounded by other solvent water molecules, thus allowing exchange to generate the MRI contrast. In addition, due to the CB [8] cavity, we see that the radial distribution functions do not plateau until about 15 Angstroms. The two free energy simulations quantify the CB[8]-TEMPO host-guest binding free energy and also show exactly where the TEMPO molecule prefers to sit in the CB [8] host cavity. The data is shown in Figure S13 . We can notice two main observations. First, the equilibrium position of the TEMPO ring is about 0.9 Å above the plane of the CB [8] ring. Second, the binding free energy is very strong at over 20 kcal/mol. Previous literature suggests that computational methods typically overestimate the binding free energy for cucurbit[n]uril host-guest systems 15 but nonetheless the CB[8]-TEMPO association is clearly very strong.
Although we do not attempt to decompose the binding free energy into contributions from separate factors, we note that previous studies have attributed significant effects from the change in solvation of the ammonium unit upon binding, 16 and from the release of water molecules inside the CB [8] cavity upon binding. 17 For the binding free energy calculation, we used five collective variables to control the insertion of TEMPO into the CB [8] cavity and ensure reversibility of the transformation. The first two collective variables have no effect on the energy, the 3 rd and 4 th ones do have a minor effect on the energy, and the 5 th one is the reaction coordinate. The 1 st collective variable constrains the center of mass of CB [8] to the origin. The 2 nd collective variable constrains the plane of the CB [8] ring to the x-y axis. These two collective variables have no effect on the system properties since periodic boundary conditions are S21 used; their purpose is to make the choice of reaction coordinate simpler. The 3 rd collective variable weakly constrains the center of mass of the TEMPO ring to the z-axis. This is done so that the TEMPO molecule does not drift sideways when it is separated from CB [8] . The 4 th collective variable does not allow the terminal carbon atom in the TEMPO tail chain to be more than 3 Å below the center of mass of the TEMPO ring. This is done to prevent the TEMPO molecule from rotating 180 degrees which would otherwise potentially let it insert backwards after being separated from CB [8] . Although the entropic cost of the 3 rd and 4 th collective variable constraints could be estimated analytically, we simply neglected their contribution to the binding free energy. The 5 th collective variable is defined as the z-distance between the center of mass of CB [8] and the center of mass of the TEMPO ring. This is our reaction coordinate for measuring the binding free energy. For the umbrella sampling run, it was controlled using 40 umbrellas between reaction coordinate values of -3 and +8 with a spring constant of 10 kcal/mol/Å 2 over a 100 ns simulation. For the ABF run we used the default values. We also computed the binding free energy, or at least the accessible portion, from the equilibrium simulation. This was done by taking kT times the negative of the logarithm of the normalized histogram of the reaction coordinate values visited during the equilibrium simulation.
